Objective: To quantify the neonatal mortality/ hypothermia relationship and develop evidence-based cutoffs for global definitions of neonatal hypothermia. Within the WHO's moderate classification, risk relative to normothermic infants ranged from 2 to 30 times. Adjusted mortality risk increased 80% (95% CI, 63%-100%) for each degree decrease, was strongly associated with temperatures below 35.0°C (RR, 6.11; 95% CI, 3.98-9.38), and was substantially higher among preterm infants (RR, 12.02; 95% CI, 6.23-23.18]) compared with full-term infants (RR, 3.12; 95% CI, 1.75-5.57). Relative risk was highest in the first 7 days, but remained elevated through 28 days.
A NNUALLY, 4 MILLION NEWborns die during the neonatal period.
1,2 Sufficient information is not available regarding the role that hypothermia plays in these deaths, 3 and there are few data available that provide evidence on effectiveness of measures to reduce hypothermia-related mortality risk.
Community and hospital-based data from developing countries indicate that the proportion of infants experiencing hypothermia is high. [4] [5] [6] [7] Estimates of the relationship between hypothermia and risk of neonatal mortality risk are limited largely to small hospital-based studies that lack a population base and inadequately control for the most important covariates: age and ambient temperature. Both mortality 1 and hypothermia are strongly correlated with age of the infant, and overall risk of hypothermia can vary substantially by season. 7, 8 A recent investigation from GuineaBissau 9 provided supportive evidence for a relationship between hypothermia and neonatal mortality and controlled for both ambient temperature at measurement (infants were hospital born; temperature range within the maternity ward, 26°C-30°C) and age at measurement (axillary temperature taken within 12 hours of birth). Infants were followed up in the community. Among 2926 newborns, 8% had axillary temperatures of less than 34.5°C, and 7-day mortality was 4.8 times higher among this subgroup.
The World Health Organization (WHO) 10 currently divides newborn hypothermia into 3 categories: mild (36.0°C-36.5°C), moderate (32.0°-36.0°C), and severe (Ͻ32.0°C). Under these definitions, almost all infants in low-resource community settings experience some degree of mild or moderate hypothermia (among 23 240 infants in rural Sarlahi, Nepal, where Ͼ90% of babies are born at home, 92.3% had axillary temperatures Ͻ36.5°C Ն1 times during the neonatal period 7 ), yet almost none are classified as severely hypothermic, primarily because the cutoff for severe hypothermia is so low (32°C). Epidemiological data presented with an evidence-based public health perspective are required to either (1) provide justification for continued use of these cutoffs or (2) support alternative cutoffs. The investigators from the Guinea-Bissau study 9 rightly pointed out the apparent arbitrariness of both these WHO cutoffs and those used in previous hospital-based studies; they arrived at their 34.5°C cutoff by examining the crude mortality risk across a range of temperatures from 32°C to 37°C.
Our recent community-based trials of chlorhexidine cleansing interventions in southern Nepal 11, 12 included repeated in-home visits by project workers to collect 213 616 axillary temperatures from 23 240 infants. We used these data to quantify associations between neonatal hypothermia and subsequent risk of mortality during the first month of life and explored variation in the hypothermia/mortality relationship across gestational age strata. We examined the impact of varying the hypothermia cutoff definition on the observed association between exposure and mortality and propose new cutoffs for neonatal hypothermia.
METHODS

DATA COLLECTION
Between August 2002 and January 2006, 23 662 live-born infants in Sarlahi, Nepal, were eligible to participate in a previously reported trial of the impact of 2 chlorhexidine interventions (newborn skin and umbilical cord cleansing) on neonatal mortality and morbidity. 11, 12 Women were identified mid-pregnancy, study procedures were explained to the women, informed consent was obtained, and the women were given counseling on early and exclusive breastfeeding and rapid wrapping and drying of the infant.
At each home visit after birth (days 1-4, 6, 8, 10, 12, 14, 21 , and 28), project workers measured axillary temperature of the newborn using a locally available, low-reading digital thermometer accurate to 0.1°C. At the start of the study, all workers had 7 to 12 years of experience collecting axillary temperatures from newborns and infants, and all were retrained at baseline and provided with supervision via direct observation at regular intervals. The project workers reiterated basic messages about the importance of keeping the infant warm if temperatures less than 36.5°C were observed and recommended that caretakers seek care for their infants if the temperature was below 35.5°C.
Daily ambient temperature recordings were available from Simara (27°09'34"N, 84°58'47"E, 137 m above sea level) and Janakpur (26°42'39"N, 85°55'27"E, 78 m above sea level) airports, which are approximately 52 km east and 60 km west, respectively, of the geographical center of the study area (approximately 400 km 2 ). Ambient temperature on each day of the study period was defined as the mean minimum temperature recorded from the 2 airports. The study site and adjacent airports are at or near sea level with little topographical variability.
STATISTICAL ANALYSIS
Infants first measured within the first 72 hours after birth were included in the analysis. The first axillary temperature observed was examined in relation to mortality risk in 3 distinct ways. Infants were classified according to the standard WHO cutoffs for mild (36.0°C-36.5°C), moderate (32.0°C-36.0°C), and severe (Ͻ32.0°C) hypothermia. In each category, the neonatal mortality rate (expressed as deaths per 1000 live births) was compared with infants who were normothermic at first measure (Ն36.5°C and Ͻ37.5°C). Second, each infant was classified into quarter-degree (ie, 0.25°C) exposure intervals across the entire WHO-defined range of hypothermia (Ͻ36.5°C), with the lowest category including all infants at less than 32.0°C. Neonatal mortality rate risk estimates were calculated relative to the normothermic category. Results for both analyses are presented with and without adjustment for age (in hours) and ambient temperature at the time of axillary measurement. For the third analysis, the interval-specific relative risk (RR) estimates and 95% confidence intervals (CIs) were plotted to visually examine the relationship between decreasing axillary temperature and mortality and to assess appropriateness of modeling mortality risk as a function of the continuous axillary temperature measure. Locally weighted regression smoothing 13 of the risk of neonatal mortality across the range of observed temperatures was used to confirm that the relationship of the log risk of mortality and axillary temperature was approximately linear. Subsequently, a binomial risk regression model with exposure defined continuously and adjusted for age and ambient temperature was used to estimate the incremental risk of mortality for each degree decrease in body temperature.
Following results suggested by these analyses, new cutoffs for neonatal hypothermia based on mortality risk were proposed, termed grades 1 through 4, in increasing order of severity. All infants were reclassified into 1 of these 4 new categories or a fifth normothermic category, which encompasses a temperature range (36.5°C-37.5°C) similar to the current WHO classification scheme. Neonatal mortality rate for each new category and the risk of death relative to the normothermic category was estimated with 95% CIs.
As the relationship between mortality and hypothermia may be modified substantially by gestational age of the infant, weight at measurement, and/or small-for-gestational-age status, separate models that were adjusted for age and ambient temperature at observation were estimated with interaction terms for these 3 factors. Weight was measured at the time of the first home visit using a digital neonatal scale; gestational age was estimated from the woman's report of last menstrual period collected upon enrollment at mid-pregnancy; and small for gestational age was defined as having a weight less than the tenth percentile for gestational age by sex, using Alexander's US national reference standards.
14 Among these, only preterm birth status modified the mortality/hypothermia relationship; thus, we present models separately for preterm and full-term infants. The overall and stratified models were further examined for residual confounding by variables that we have previously shown 11, 12, 15, 16 to be related to mortality in this context, including sex, weight, ethnicity, 17 timing of initiation of breastfeeding, 16 hand-washing status of birth attendant and mother, 15 parent (original) trial allocation, 11, 12 facility birth, and a composite variable indicating illness at the time of axillary temperature measurement. An infant was considered ill if 2 or more of the following conditions were present: (1) difficulty breathing; (2) stiffening of the back or convulsions; (3) dysentery; (4) 5 or more watery stools within 24 hours; (5) severe chest indrawing; (6) umbilical cord infection; and (7) a respiratory rate of more than 70 breaths/minute. The final multivariate model was examined for reverse causality, by sequentially restricting deaths if they occurred within 12, 24, or 48 hours of the collection of the axillary temperature. Finally, variability in the association between hypothermia and mortality was examined by reestimating the full model separately for infants who died within the first week of life (early neonatal period) and infants who survived beyond the first week (late neonatal period).
All models used binomial regression with a log link with 95% CIs. Analyses were conducted using Stata, version 10.1 (Stat Corp, College Station, Texas). The Nepal Health Research Council (Kathmandu, Nepal) and the Committee on Human Research of the Johns Hopkins Bloomberg School of Public Health (Baltimore, Maryland) approved the protocol. The parent trial is registered at ClinicalTrials.gov (NCT00109616).
RESULTS
Of the 23 662 live-born infants eligible for the parent trial, 23 257 (98.2%) were encountered alive at 1 or more home visits during the neonatal period. Seventeen had no axillary temperature measurements, while the remaining 23 240 contributed 213 636 measurements (mean 9.2 measurements/infant) to the analytic data set. Median age at first in-home measurement was 19 hours; the proportion measured within 6, 12, 24, 48, and 72 hours was 12.4%, 32.7%, 62.7%, 82.4%, and 87.7%, respectively. Among the 20 382 (87.7%) infants measured within the first 72 hours, the temperature exceeded 37.5°C in 796 (3.9%) infants, leaving 19 586 with exposure measures in the hypothermic (Ͻ36.5°C) or normothermic (Ն36.5°C-37.5°C) range. Observed minimum ambient temperatures ranged from 3.8°C to 29.3°C.
EXPOSURE DEFINED USING WHO CATEGORIES
Among all infants, 8378 (42.8%) had normothermic first temperature readings, while approximately 25.6% and 31.6% were classified as mildly or moderately hypothermic, respectively ( Table 1) . Relative to the normothermic group in which neonatal mortality was 9.4 per 1000 births, the subsequent mortality risks were significantly elevated in all hypothermia categories: among infants with mild and moderate hypothermia, risk of death was 1.46 (95% CI, 1.06-2.01) and 3.12 (95% CI, 2.40-4.05) times higher, respectively. After adjustment for age and ambient temperature at measurement, these RR estimates increased to 1.70 (95% CI, 1.23-2.35) and 4.66 (95% CI, 3.47-6.24), respectively. In the severe category, risk was also substantially higher, but numbers were very small; of 4 infants with body temperatures less than 32.0°C, 1 died.
EXPOSURE DEFINED USING QUARTER-DEGREE INTERVALS
For every quarter-degree interval from 36.5°C to 32°C and below, the crude and adjusted mortality risk exceeded that for infants in the normothermic category ( Table 2) ; there was a steady exponential increase in mortality risk with lower first temperature (Figure) . Between 36.0°C and 35.0°C, the risk was elevated approximately 2 to 3 times, while between 35.0°C and 34.0°C, the risk relative to normothermic infants was 8 to 15 times higher. Below 34.0°C, risk was elevated more than 10-fold and in some categories exceeded 30-fold, but the overall number of infants in these lower intervals was small (Ͻ200).
MODELING RISK AS A FUNCTION OF CONTINUOUS AXILLARY MEASURES
Risk of death increased by approximately 75% for every 1°C decrease in axillary temperature (RR, 1.75; 95% CI, 1.69-1.81), with adjustment for age and ambient temperature at measurement. The risk of subsequent mortality for an infant with an initially observed temperature that is 3°C lower than a normal temperature of 36.5°C would be elevated approximately 5.36 (95% CI, 4.85-5.91) times.
NEW PROPOSED CUTOFFS FOR NEONATAL HYPOTHERMIA
New cutoffs were selected to define 4 hypothermia grades of increasing severity ( 
EFFECT MODIFICATION AND MULTIVARIATE ADJUSTMENT
Low weight (Ͻ2500 g), small for gestational age, and preterm status were examined as potential effect modifiers. Table 4 . In this adjusted model, mortality risk associated with hypothermia grades 2, 3, or 4 among preterm infants remained significantly elevated compared with normothermic infants, and the magnitude of the relationship in each of these 3 categories was substantially higher than among full-term infants. Among full-term infants, significantly elevated mortality risks after adjustment were seen only for grade 3 (RR, 2.47; 95% CI, 1.27-4.80) and grade 4 (adjusted RR, 4.80; 95% CI, 2.34-9.81) hypothermia. If grades 3 and 4 are combined, mortality risk associated with temperature below 35.0°C was elevated 6.11 (95% CI, 3.98-9.38) times relative to normothermic infants and was substantially higher among preterm infants (RR, 12.02; 95% CI, 6.23-23.18) compared with full-term infants (RR, 3.12; 95% CI, 1.75-5.57).
The binomial regression model that used the continuous axillary measures was also adjusted for all the variables listed previously (adjusted RR, 1.80; 95% CI, 1.63-2.00) and examined separately by gestational age. For preterm infants, the adjusted risk of mortality was 1.99 (95% CI, 1.70-2.34) times higher for every 1°C decrease in axillary temperature; for full-term infants, incremental risk per degree was lower, but remained significantly elevated (RR, 1.56; 95% CI, 1.31-1.86).
REVERSE CAUSALITY AND INTERVAL BETWEEN EXPOSURE AND OUTCOME
The full multivariate model was reestimated after excluding deaths that occurred soon after the first observed axillary temperature measurement. Three cutoffs were examined separately: requiring that the infant survived for at least 12, 24, or 48 hours after observation did not change the adjusted RR or mortality for each grade of hypothermia relative to normothermic infants. Finally, the association between hypothermia and mortality was examined separately for the early (first week) and late (last 3 weeks) neonatal periods. The full multivariate model for the first week of life and conditioned on survival to 7 days is shown in Table 5 . For each hypothermia grade, both the magnitude and statistical strength of association were lower in the late neonatal period relative to the early period. However, for grades 3 and 4, adjusted mortality risk remained elevated relative to normothermic infants throughout the entire period.
COMMENT
Pathophysiological mechanisms by which cold stress may lead to subsequent mortality have been well described, 10 but population-based data on incidence and consequences of neonatal hypothermia from community settings have been lacking. 3 These data from southern Nepal Abbreviations: CI, confidence interval; RR, relative risk. a Adjusted for age, ambient temperature, sex, early breastfeeding initiation, wiping allocation, cleansing allocation, ethnic group, weight, hand-washing practices of mother and birth attendant, place of delivery, and illness on day of measurement. demonstrate that initial observed body temperature of newborns is strongly correlated with subsequent mortality, especially among preterm babies. Absolute mortality risk rose exponentially with decreasing initial axillary temperature, after adjustment for age and ambient temperature, as indicated by the linear relationship on the log risk scale. The risk of mortality subsequent to hypothermia was higher in the first week of life, but temperatures less than 35.0°C remained associated with mortality throughout the neonatal period.
Given the high magnitude and substantial variation of the risk relationship within the current 3-tiered WHO hypothermia classification system, we propose new cutoffs to address 2 important problems associated with the current scheme. First, the existing cutoff for severe hypothermia (Ͻ32.0°C, "grave prognosis; urgent skilled care needed") is too restrictive. Under this criterion, approximately two-tenths of 1% (4 of 19 568) of infants met this cutoff, though some severely hypothermic newborns may have died before a measurement could be recorded. The rarity of such levels and the noninclusion of infants with very low body temperature may contribute to underestimation of the seriousness of cold injury. Under the new cutoffs, grade 4 hypothermia extends up to 34°C and included 3.6% of newborns. Second, the existing moderate category (32.0°C-36.0°C, "immediate warming of baby necessary") is too wide, encompassing both "near severe" hypothermia cases with extremely high mortality risk and "near mild" cases with substantially lower, albeit still elevated, mortality risk. Approximately half of all hypothermic infants in this study fell into this category, while the other half were in the mild category (36.0°C-36.5°C, "advise warming the baby"). Under the new cutoffs, the most severely hypothermic infants previously classified as moderate are now classified in grade 4. The remainder is split into 2 categories, allowing an improved division of subsequent mortality risk and targeted intervention by grade and preterm status. For example, in a community-based neonatal health program with outreach workers conducting postnatal visits, estimates from the fully adjusted model suggest that preterm grade 3 and grade 4 infants require urgent and skilled care plus referral, while preterm grade 2 infants and full-term grade 3 infants might be targeted with immediate in-home demonstration of improved thermal care plus daily home visits for observation. Furthermore, our suggested classification fits more closely with more recent WHO guidelines. For care of normal infants, WHO recommends referral for inpatient care for those with a temperature of less than 35.0°C 18 and inpatient hospital care for sick newborns presenting with temperature of less than 35.5°C. 19 A previous small community-based study 20 of neonatal body temperature indicated that mortality was approximately 3 times higher among infants with temperatures of less than 35.0°C, but no further information was available on risk in other temperature ranges. Similar temperature-dependent risk was demonstrated in GuineaBissau, 9 but, unlike the current findings, no excess risk of mortality in the first week or 2 months after birth was found among infants with first observed temperatures in the upper end of the hypothermia severity scale (ie, 34.6°C-36.5°C). While all newborns have immature thermoregulatory control, premature or low-weight infants are particularly susceptible to heat loss in part owing to their reduced deposits of brown adipose tissue, required for nonshivering thermogenesis, their high surface area to weight ratio, 3 and their compromised skin barrier function leading to increased transepidermal water loss. 21 Study strengths include large sample size, inclusion of 3 calendar years of data, measures taken among a population-based sample from a community setting, and the availability of age and ambient temperature data for every axillary measurement. Mortality among newborns peaks in South Asia during the hot season prior to monsoon season, while hypothermia peaks in the cold winter months. Thus, crude examination of the mortality/ hypothermia relationship without taking into account seasonality will underestimate the relationship.
Age of first observation varied in this analysis and as a result, we chose to restrict analysis to infants first observed within 72 hours of birth. If all infants are included, regardless of timing of observation, similar conclusions are drawn, with slightly lower-magnitude risk ratios for each hypothermia cutoff (data not shown). Gestational age measures based on mother's report of last menstrual period can lead to some misclassification, 22 potentially reducing our ability to correctly estimate the degree to which this factor modifies the overall relationship. Some infants (1.8%) were excluded; most were deaths prior to our arrival (n=378, 90% of the missing infants). As most of these deaths presumably occurred among the highest risk preterm and/or low-birth-weight infants, it is possible that the mortality/hypothermia relationship may have been further strengthened had they been included. While axillary recordings were chosen given the ease and safety of placement in this nonclinical setting, accuracy of readings might have been slightly improved 23 if rectal temperature measures had been possible. Despite the large overall sample size, small numbers for some of the hypothermia categories or quarter-degree intervals led to wide CIs. Finally, the new classification scheme suggested herein might be further refined through research that allows examination of prognosis in the context of adequate management of infants identified with hypothermia.
Further attention to the high prevalence and adverse consequences of neonatal hypothermia in community settings is needed. The exposure is easily measured by community-based workers and is one of the most important indicators of subsequent survival of the infant. Revaluation of the WHO cutoffs for severity of hypothermia holds relevance for more appropriately classifying risk and emphasizing the urgent nature of moderate hypothermia. However, the programmatic take-home message is of greater import. All cold infants are at increased risk of death; in both home and facility settings, prevention of cold stress starting immediately at birth is critical and when exposure occurs, early identification of at-risk infants and contextually appropriate steps for warming must be initiated. Simple, low-cost interventions for thermal protection, an essential component of newborn care 24 exist and include immediate drying, wrapping, delayed bathing, early breastfeeding initiation, and skin-to-skin contact. 25 Coverage or adherence to these practices is low in Sarlahi; infants are bathed almost immediately, 26 less
